olecular vibration is well known to enhance the rates of gas-phase chemical reactions as the motion associated with vibration-for example, bond stretching-may efficiently guide the atoms of the reactant molecule to the transition state 1, 2 . In contrast to the gas phase, for chemical reactions on metal surfaces, reactant vibration may be efficiently dissipated to the solid. Indeed, direct lifetime measurements show that relaxation occurs on the timescale of a few picoseconds [3] [4] [5] . Thus, vibrationally promoted surface chemistry normally involves dynamics where reactants directly traverse the dissociative transition state without adsorption, a process known as direct dissociative adsorption 6 . Examples of such behaviour are abundant. Two of the best studied systems are (1) dissociative adsorption of H 2 on Cu(111) 7 , where H-H vibration promotes the reaction, and (2) dissociative adsorption of CH 4 on Pt and Ni surfaces [8] [9] [10] [11] [12] , where it is seen that the dissociation probability can be enhanced by more than two orders of magnitude upon vibrational excitation of the incident CH 4 molecules. Arguably, the most important mechanism of surface chemistry is that of Langmuir and Hinshelwood (LH) 13, 14 . Here, molecular (non-dissociative) adsorption often plays an important role in what is commonly referred to as precursor-mediated LH reactions. In light of the expected short vibrational (relaxation) lifetimes of molecular adsorbates, it is not surprising that examples of precursor-mediated LH chemistry where reactant vibration promotes dissociation on metal surfaces are exceedingly rare [15] [16] [17] [18] . However, our ideas about rapid vibrational relaxation of adsorbates are derived from a relatively small number of experiments, where CO has played an important role. One seminal paper reported the lifetime of CO (v = 1) on Cu(100) to be 2 ± 1 ps (ref.
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In this work, we directly detect adsorption and subsequent desorption of vibrationally excited CO molecules from a Au(111) surface. After dosing a Au(111) surface with a short (~1 μ s) pulse of vibrationally excited CO (v = 2) molecules, we observe thermal desorption of CO (v = 1), identified via its translational energy, scattering angle and rotational-state population distributions. We estimate the vibrational lifetime of physisorbed CO (v = 1) to be of the order of 1 × 10 −10 s, much longer than the currently available theoretical predictions 23, 24 . These experiments directly show that both adsorption and desorption can occur without the intervening equilibration of the molecule to the metal surface as required by the LH hypothesis. These observations pose an interesting challenge to the current understanding of vibrational energy dissipation on metal surfaces. They also suggest that vibrational promotion of surface chemistry could be more common than generally believed.
Results
The experiments were performed by dosing a clean, single-crystal Au(111) surface with a short (~1 μ s) pulsed molecular beam of vibrationally excited CO (v = 2) molecules. This was produced by infrared (IR) laser excitation, close to the Au(111) surface, of a longer CO pulsed molecular beam using a tightly focused laser beam. The typical incident fluxes of the CO v = 0 and 2 molecules were ~1% and 0.01% monolayers per pulse, respectively, ensuring low coverage conditions during molecule-surface collisions. We subsequently recorded the arrival time distributions of the scattered s. Such long vibrational lifetimes for adsorbates on metal surfaces are unexpected and pose an interesting challenge to the current understanding of vibrational energy dissipation on metal surfaces. They also suggest that vibrational promotion of surface chemistry might be more common than is generally believed.
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CO (v = 1, 2) molecules several millimetres away from the surface using a delayed pulsed laser, via resonantly enhanced multiphoton ionization (REMPI). By scanning the delay between the excitation and detection laser pulses and accounting for the travel time of incident molecules from the IR excitation volume to the surface, we obtained the (surface to REMPI probe) time-of-flight (TOF) distributions for state-selected scattering channels [25] [26] [27] , specifically CO (v = 2→ 2) and CO (v = 2→ 1) (see Methods for further details).
Typical results of the TOF measurements are presented in Fig. 1 . For the CO (v = 2→ 2) channel (filled black circles), the most probable arrival time decreases with increasing incidence translational energy, E i . This implies that the velocity and hence the translational energy of the scattered CO molecules increase with increasing E i , clearly indicating direct (single bounce) scattering (DS).
For the CO (v = 2→ 1) channel (open circles) a similar DS component is seen. However, the TOF distributions also reveal a second, late arriving component, which we will show is due to trapping and subsequent desorption of vibrationally excited CO (TD*). Here, TD* indicates trapping followed by desorption of vibrationally excited molecules (the usual trapping desorption dynamics that involves desorption of thermally equilibrated adsorbates is denoted by TD). A late arriving component is also present in the CO (v = 2→ 2) channel, but requires the use of special TOF methods in order to be observed clearly (Supplementary Section 1). The fact that the TD* component is easier to see in the CO (v = 2→ 1) channel is a consequence of the DS vibrational relaxation probability being small (~1%). Hence, in the v = 2→ 1 channel, the TD* component is a larger fraction of the overall scattering. We find copious evidence for assignment of the late arriving component as TD*. The first evidence to support this conclusion is already seen in Fig. 1 , where the contribution from the slow component (relative to the DS) increases as E i is reduced, reflecting increased trapping probability with decreasing E i (ref. 28 ). We also find evidence in the scattering angular distributions that the scattered CO (v = 1) is produced through the TD* process. It is well known that scattering angular distributions for direct scattering and trapping desorption are very different. DS angular distributions are narrow and peak near the specular angle, whereas those for TD are broad and peak at the surface normal [29] [30] [31] [32] [33] [34] . Figure 2 shows the experimentally derived angular distributions for the DS and TD* channels seen in this work (centre panel). The angular distributions for the DS v = 2→ 2 and 2→ 1 channel are depicted by black filled and blue open triangles and that for TD* by green open circles. Additionally, TOF distributions measured for the v = 2→ 1 channel at several scattering angles are also shown in the left and right panels (black dots). These are decomposed into DS (blue solid line) and TD* (green solid line) contributions. We observe that the angular distributions for the DS component of v = 2→ 1 and 2→ 2 channels are very similar. Both are narrow and peak close to the specular angle (~8° from the surface normal). In contrast, the v = 2→ 1 TD* channel exhibits a broad angular distribution peaking close to the surface normal, consistent with our expectation for trapping-desorption (Supplementary Section 2). Figure 3 shows the surface temperature (T s ) dependence of the state-to-state TOF distributions measured at scattering angles (θ s ) of 20° and 60° for the v = 2→ 2 and v = 2→ 1 channels. Blue curves represent the DS component, green curves represent the TD* component, and red curves denote the sum of the DS and TD* components. Regardless of the scattering angle (20° or 60°), the magnitude of the TD* component increases with T s . We understand this to be caused by the reduced residence time on the surface at elevated temperatures, thereby allowing less time to be available for vibrational relaxation. This also implies that, for vibrationally excited CO molecules to survive trapping and subsequent desorption, the vibrational relaxation time has to be at least of the same order of magnitude as the residence time. This provides us with a way to estimate the lower limit for the vibrational relaxation time by knowing the residence time. The T s -dependent residence time can be estimated using Nature Chemistry where k des is the desorption rate constant, τ res is the mean residence time of an adsorbate on the surface before desorption, ν and E des are the desorption frequency factor and activation energy, respectively, and k B is the Boltzmann constant. From the results of temperature-programmed desorption (TPD) measurements for the CO/Au(111) system 35 we know that E des = 0.18 ± 0.01 eV and ν = 3 × 10 17 Hz (best estimate), with values in the range of 2.9 × 10 16 Hz to 3.2 × 10 18 Hz (see Supplementary Section 3 for a re-evaluation of the TPD results). As an example, at T s = 93 K, the best estimate for the residence time is of the order of 1 × 10 −8 s, with values ranging from 4 × 10 −10 s to 6 × 10 −7 s (Supplementary Section 3). Even if the residence time were given by the lower estimate of 4 × 10 −10 s, for CO (v = 1) molecules to survive trapping and desorption at T s = 93 K (as shown in Fig. 3 ), the vibrational lifetime would have to be of the order of 1 × 10 −10 s. In spite of the rather larger uncertainties associated with estimating the vibrational lifetime in this indirect manner, we can say with certainty that it is inconsistent with the theoretically predicted vibrational lifetime of a few picoseconds 23, 24 . We find further evidence for our assignment in the translational energy distributions of the TD* channel, which depend on surface temperature, as expected for molecules undergoing trapping and desorption. This information is obtained from TOF measurements at several values of T s , where the green curves in Fig. 3 are fitted to the TD* component using a Maxwell-Boltzmann speed distribution with an effective temperature T trans . From T trans , we can easily calculate the mean translational energy, 〈 E trans 〉 = 2k B T trans , for the TD* component as a function of surface temperature. This is shown in Fig. 4a for measurements at θ s = 20° and 60°. For both scattering angles, 〈 E trans 〉 increases with T s . Figure 4b shows that 〈 E trans 〉 is larger at scattering angles further from the surface normal. We have modelled this behaviour on the basis of detailed balance along with normal energy scaling, as discussed previously in ref. 36 . The observed translational energy distribution is related to the trapping probability function and the Maxwell-Boltzmann energy distribution as follows:
where G obs (E,θ,T s ) is the experimentally observed translational energy distribution of the desorbing molecules measured at scattering angle θ and surface temperature T s . S(E = E i , θ = θ s ) is the sticking probability for a given incidence energy E i and incidence angle θ s . F(E,T s ) is a Maxwell-Boltzmann distribution of translational energies at temperature T s . Equation (2) allows us to calculate the translational energy distribution and mean E trans for the TD* component at any scattering angle and surface temperature, for a given trapping probability function (Supplementary Section 4) . The results of this analysis (blue and green dashed lines) are compared to experiment (blue and green circles) in Fig. 4a . Additional comparisons between the model and experiments (Fig. 4b) are shown for a single surface Nature Chemistry temperature (300 K) at different scattering angles. The consistency among the predictions of the detailed balance-based model and the experimental observations is compelling evidence that the translational motion of the vibrationally excited molecules has indeed equilibrated with the solid. This is also seen in the dependence of 〈 E trans 〉 on 〈 E i 〉 (Fig. 5) . For the DS channel observed in v = 2→ 2 and v = 2→ 1, 〈 E trans 〉 increases strongly with 〈 E i 〉-the molecules retain a memory of their initial conditions. By contrast, for molecules scattered through the TD* channel, 〈 E trans 〉 is independent of 〈 E i 〉; this is a direct consequence of the fact that the CO molecules in the TD* channel have translationally equilibrated with the solid.
Additional support for the TD* mechanism comes from the observation that the CO molecule's rotational energy distribution changes strongly with the surface temperature, especially when scattered through the TD* channel (Fig. 6) . We used procedures similar to those reported previously 37 , which involve fitting of the observed REMPI spectra with simulated spectra using an effective rotational temperature (T rot ) to describe the rotational population distribution (Supplementary Section 5). For CO (v = 2→ 1) molecules in the DS component, T rot increases weakly with increasing T s , consistent with the idea that rotational excitation in the DS channel originates primarily from the incidence translational energy and not from the thermal energy of the surface. For the TD* component, T rot closely follows the surface temperature, characteristic of trapping followed by desorption. Assuming that there is no strong dependence of the trapping probability on rotational energy and the fact that T rot is observed to be close to T s is a clear indication that the rotational degree of freedom has equilibrated with the surface.
Discussion
The observations and analysis presented here provide unambiguous evidence that when CO is initially prepared in v = 2 and adsorbed on a Au(111) surface, it traps and subsequently desorbs 
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with its translational and rotational degrees of freedom having equilibrated while its vibration has not. Moreover, the presence of a TD* component at T s as low as 93 K is a compelling reason to conclude that the vibrational lifetime is of the order of 1 × 10 −10 s or longer. These observations are in contradiction with currently available theoretical predictions of CO vibrational lifetimes on Au(111). Calculations from ref. 23 and ref. 24 have found vibrational lifetimes of CO (v = 1) on Au(111) of 1.6 and 4.8 ps, respectively. We speculate that this discrepancy arises from errors in density functional theory-based methods, which incorrectly predict CO to be chemisorbed on the Au(111) surface.
To test this, we probed the bonding of CO to Au(111) using infrared spectroscopy (Supplementary Section 6). CO chemisorption on a metal surface involves partial filling of the 2π* orbital, and the CO stretch frequency exhibits a redshift that is typically greater than 50 cm −1 with respect to the gas-phase molecule. A compilation of such redshifts is presented in ref. 38 . In contrast, our measurements for CO adsorbed on Au(111) show a redshift of only 18.5 cm −1 , consistent with little or no occupation of the 2π* orbital. This is important, because the short lifetimes calculated in ref. 23 and ref. 24 rely on a physical mechanism of electronic nonadiabaticity where CO vibration induces a flow of electrons between the metal and the CO 2π* orbital 39 . If this coupling mechanism were not active, the vibrational lifetime could be much longer than the theoretical predictions.
In fact, one can show that the unusually long relaxation time of CO on Au is consistent with a model based on a weak physisorption interaction, where electron transfer to the CO 2π* orbital is negligible. Here the electronically nonadiabatic vibrational relaxation is modelled by damping of an oscillating electric dipole by a free electron gas 39, 40 . Following the ideas presented in ref. 40 , we calculate the vibrational relaxation time of CO (v = 1) on Au(111) to be ~290 ps (Supplementary Section 7) . Such a long lifetime would explain how thermalization of CO translation and rotation can take place prior to desorption, while the vibration does not.
The observations of long-lived vibrationally excited adsorbates obtained in this work on a non-reactive surface have extremely interesting implications for precursor-mediated LH surface chemistry on reactive metals. Previous work has established the importance of vibrational promotion of LH reactions for the methane molecule on metals such as Pt 17, 18 and Ir 15, 16 . If the vibrational lifetime of physisorbed CO on Au(111) can be as long at 1 × 10 −10 s, it is possible that the lifetime of physisorbed and vibrationally excited methane on metals could be even longer. Electron affinities for methane (− 5 eV) 41 and CO (− 1.5 eV) 42 indicate that the lowest-lying vacant orbital in methane is much higher in energy than the corresponding 2π* orbital of CO, and this will limit the nonadiabatic coupling between CH 4 vibration and electron-hole pairs of the metal. Furthermore, the transition dipole moment of the CH 4 asymmetric stretch vibration 43 is about half that of CO 
predict with greater certainty the cases where LH chemistry involving molecularly adsorbed reactants can be promoted by reactant vibration. Specifically, physisorbed molecules with small transition dipole moments are implicated.
Conclusions
Our observation of long-lived vibrationally excited CO molecules undergoing trapping desorption on Au(111) leads us to question the validity of currently available models to understand the vibrational energy transfer of molecules adsorbed on metal surfaces, especially for the case where the bonding is weak (physisorption). Furthermore, long-lived vibrationally excited molecules adsorbed on metals have extremely interesting implications for LH surface chemistry. Specifically, when reactants are physisorbed or weakly chemisorbed, vibrational lifetimes of a few hundred picoseconds may result, even on a metal surface. This is long enough to vibrationally promote chemical reactions in a manner similar to what is usually seen in gas-phase reactions. We believe that this work will stimulate further studies aimed at understanding vibrational energy transfer mechanisms, especially for weakly bound adsorbates.
Methods
The experimental set-up used in this work has been described in detail previously 25, 44 and only a brief description is provided here. The apparatus consists of four interconnected vacuum chambers. In the source chamber, a gas mixture of CO seeded in H 2 was expanded to form a supersonic jet using a home-built, piezo-driven pulsed valve (3 bar backing pressure, 298 K operating temperature, 1 mm orifice diameter). The supersonic jet expansion was made to pass through a skimmer with an opening of 1.5 mm diameter and subsequently through two differential pumping chambers with apertures with 3 mm and 2 mm diameters, respectively, before entering the ultrahigh-vacuum (UHV) scattering chamber (base pressure of ~3 × 10 −10 torr). Here, the Au(111) surface (orientation accuracy better than 0.1°, purity 99.999%, MaTeck GmbH), mounted on a four-axis (x,y,z,Θ) translation stage, was positioned ~180 mm away from the nozzle. Before each set of experiments, the surface was prepared by sputtering with Ar ions (3 keV, 30 min), followed by annealing at a surface temperature of 950-1,000 K for ~30 min. The cleanliness of the surface was checked using Auger electron spectroscopy. Molecular beam pulses measured 8 mm in front of the Au(111) surface were ~40 µ s (full-width at half-maximum) in duration. A majority of the experiments were carried out at E i = 0.32 eV, obtained by supersonic expansion of a 20% CO in H 2 gas mixture. Several additional experiments in the E i range from 0.32 eV to 0.64 eV were carried out by changing the CO/H 2 mixing ratio.
Vibrationally excited CO (v = 2) molecules were prepared by direct overtone pumping, using a high-power infrared laser system with nearly Fouriertransform-limited bandwidth. A detailed description of the laser system employed for this purpose has been provided previously 25 . Typically, an IR output at ~2.3 µ m (10-12 mJ per pulse, 0.001 cm −1 bandwidth) was used for overtone CO (v = 0→ 2) pumping via the R(0) transition at 4,263.835 cm −1 . The incident and scattered CO (v = 2 and 1) molecules were detected via the B 1 Σ + ← X 1 Σ + transition using the Q-branch of the 1-1 and 1-2 bands via (2+ 1) REMPI with ~230 nm radiation. This was generated by frequency doubling of the coumarin 460-based pulsed dye laser output, pumped by the third harmonic of a Nd:YAG laser. The resulting ions were extracted by a repeller and a pair of collimating electrostatic lenses onto a detector consisting of two microchannel plates in chevron configuration. In a typical pump-probe geometry, the impinging CO molecules were pumped via overtone pumping to v = 2 at ~1 mm away from the surface, and the scattered molecules were detected at 8.4 mm from the Au(111) surface.
The kinetic energy distributions were measured using the state-to-state TOF technique 45 . The ion signal was recorded as a function of the delay between the IR pump and REMPI probe laser pulses. By subtracting the time taken for the incident molecules to travel from the IR pump position to the surface we obtained the surface-to-REMPI probe arrival time distribution of the CO molecules (TOF distributions). The rotationally resolved spectra of the scattered CO (v = 2 and 1) molecules were measured by scanning the wavelength of the dye laser used for REMPI detection. Here, the REMPI spectra of the DS and TD* components were selectively measured by setting the appropriate pumpprobe delay, as determined from the TOF measurements. Angular distributions of the CO molecules scattered in v = 2 and 1 vibrational states were measured by translating the REMPI laser beam in a plane perpendicular to the molecular beam and recording the ion signal. The ion signal measured was corrected for non-uniformities in the ion collection efficiency as a function of the scattering angle. This correction function was obtained independently by measuring the REMPI signal versus the laser beam position in the chamber with CO gas leaked inside the UHV chamber.
The TOF data were fit with the following model representing the DS and TD* components: 
